Introduction
Carbonic anhydrases (CAs, EC 4.2.1.1) are widespread metalloenzymes with catalytic versatility, having as substrates CO 2 , COS, CS 2 , cyanamide, carboxylic, phosphoric and thiocarboxylic esters. [1] [2] [3] [4] Although their main physiological functions are related to the inter-conversion between CO 2 , bicarbonate and protons, they play crucial functions in pH regulation, electrolyte secretion, biosynthetic reactions, and carcinogenesis, among others. [5] [6] [7] [8] Of the 15 isoforms described in humans (hCA I-XIV), many are drug targets for pharmacological agents such as diuretics, 9 antiglaucoma drugs, 10 antiepileptics, 11 antiobesity 12 and ultimately, antitumor drugs/cancer diagnostic agents. 13 The transmembrane isoforms CA IX and XII are overexpressed in hypoxic tumors as a consequence of the HIF-1α (hypoxia inducible factor-1α) activation pathway, and their inhibition by small molecules/antibodies was recently shown to lead to significant antitumor action. 13, 14 Furthermore, as these enzymes are present in normal tissues in a very small concentration compared to the tumors, they can also be used for imaging hypoxic tumors. 15 Recently, a sulfonamide CA inhibitor (CAI) targeting CA IX and XII entered phase I clinical trials for the treatment of advanced metastatic solid tumors. 16 
Results and discussion
Chemistry Sulfonamides (RSO 2 NH 2 ) constitute the most important and investigated class of CAIs.
17
A large number of structurally diverse sulfonamides were investigated for their CA inhibitory properties. 17, 18 However the main problem with sulfonamides is their promiscuous behavior as strong inhibitors of many of the 15 CA isoforms of human (h) origin. 17, 18 As isoforms hCA I and II are widespread and play important physiological functions, 1-3 it is of great interest to design inhibitors targeting the tumor-associated isoforms hCA IX and XII, which, at the same time, show weak affinity for the off-target isoforms hCA I and II. Some Schiff bases incorporating sulfonamide moieties were among the first types of CAIs showing selective inhibition of some CA isoforms of interest for medicinal chemistry applications, 19, 20 and this is the reason why we explore here these types of compounds which incorporate substituted isatin moieties (Scheme 1). Reaction of isatins with aromatic sulfonamides was in fact investigated earlier by our and other groups, [21] [22] [23] [24] [25] and a limited number of such compounds have been reported. Here we extend the previous studies, reporting a series of 23 such derivatives which incorporate orthanilamide, metanilamide or sulfanilamide moieties, as well as isatin or N-methylisatins substituted with methyl, halogens, nitro or trifluoromethyloxy moieties at the heterocyclic ring. We have chosen these substitution patterns at the isatin fragment of the molecule in order to investigate the structure-activity relationship (SAR) for the inhibition of four CA isoforms (hCA I, II, IX and XII) with this class of derivatives.
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Enzyme inhibition data hCA I was inhibited moderately by the reported compounds irrespective of the substitution pattern, with K I s ranging between 146 and 816 nM. The same was true for the cytosolic dominant isoform hCA II; for which the inhibition constants were in the range of 101-728 nM (Table 1 ). All K I values were in the lower nanomolar region, in a narrow range, for both tumor-associated hCA isozymes (hCA IX: 1.0-15.6 nM; hCA XII: 2.8-53.8 nM; Table 1 ). The K I values for the widespread hCA I/II were significantly larger (hCA I: 146-816 nM; hCA II: 101-728 nM) and thus, the new compounds showed a discrete selectivity for the tumor-associated isozymes (Table 1) . The difference in K I values is relatively small for the tumor-associated isozymes (hCA IX: ∼15-fold; hCA XII: ∼19-fold) and a conclusive SAR analysis is difficult to perform. Compound 4b
drew our attention since it shows very low K I values for the tumor-associated isozymes (hCA IX: 1.1 nM; hCA XII: 3.3 nM) and it shows the highest selectivity for the tumor-associated isozymes compared to the widely distributed hCA I and II (Table 1) .
Molecular modelling studies
Compound 4b has one of the lowest measured K I values for hCA IX and shows the highest selectivity towards hCA IX compared to the other isozymes (Table 1) . Molecular modelling studies were applied to suggest a rationale for this selectivity. Available crystal structures of hCA isozymes with sulfonamidecontaining ligands such as acetazolamide bound to their active site indicate that the sulfonamide moiety is oriented in a very similar way to the Zn 2+ -ion of the hCA active sites. The nitrogen atom of the SO 2 NH − group is coordinated to the Zn 2+ -ion and forms a hydrogen bond with the side-chain of Thr199, whereas one of the sulfonamide oxygen atoms forms a hydrogen bond with the backbone NH of the same residue. A similar orientation and binding-interactions were enforced upon the ligands in our docking studies. Docking studies on hCA IX. The docked pose of compound 4b in the active site of hCA IX reveals that the vicinal nitrogen and carbonyl group of the indole ring form hydrogen bonds with the side-chains of Gln67 and Gln92, respectively (Fig. 1) . The other analogs with sulfonamide groups on the meta position of the phenyl ring (compound series 4) adopted similar docked poses and the range of K I values was 1.1-9.8 nM. The various substituents on the isatin ring did not form any additional interactions except for compound 4f, which has a NO 2 group capable of forming a hydrogen bond with Trp5.
Compound 5c is very similar to 4b, except for the fact that the sulfonamide is substituted on the para position instead of the meta position. This reorients the isatin fragment to form hydrogen bonds with Gln92 via the imine group between the 2-indolinone and the phenyl ring ( Fig. 1 ). In addition, hydrophobic interactions were observed between the isatin moiety and the sidechain of Val131. The analogs with a sulfonamide in the para position (compound series 5) showed a similar docked pose. Their range of K I values is 1.0-15.6 nM and the varying substituents do not form additional interactions with the active site, as they point towards the solvent.
Differences in active sites between hCA IX and hCA XII. Gln67 and Gln92 are involved in hydrogen bonding to compound 4b and are believed to be responsible for the low K I value observed for this compound. Gln67 is not conserved amongst the other hCA isozymes (Table 2) . hCA XII has a Lys67 instead of the Gln67 of hCA IX and the ligand cannot form the same interactions as observed in Fig. 1 . Gln92 is conserved in both structures and the backbone is located at a similar position, but the sidechain conformation is slightly different. As such, no hydrogen bond is observed in the docking, but it should be possible after sidechain reorientation.
Differences in active sites between hCA IX and hCA I. The bulky His67 is present in hCA I instead of the Gln67 of hCA IX (Table 2 ). In addition, Val131 and Thr200 of hCA IX are replaced by the larger Leu131 and His200 in hCA I ( Table 2) . The presence of His200 forces a reorientation of Trp5, which enters the active site more deeply and sterically interferes with the docked ligands. These changes in the binding site do not allow for the adoption of similar poses as observed in Fig. 1 .
Differences in active sites between hCA IX and hCA II. Asn67 and Phe131 are present in hCA II (Table 2 ). Asn67 is shorter than its Gln67 counterpart observed in hCA IX, while Phe131 points into the active site to a larger degree compared to Val131.
Experimental

Synthetic procedures
Melting points were estimated with a Buchi 540 melting point apparatus in open capillaries and are uncorrected. Elemental analyses were performed on a Thermo Finnigan Flash EA 1112 elemental analyzer. IR spectra were recorded on KBr discs, using a Perkin-Elmer Model 1600 FT-IR spectrometer. 1 H-NMR, D 2 O-exch., HSQC and HMBC spectra were obtained on Varian UNITY INOVA 500 and Bruker Avance DPX 400 spectrophotometers using DMSO-d 6 . (3a-e, 4a-f, 5a-l) . Equimolar quantities of 1H-indole-2,3-diones (1) (0.01 mol) and 2-aminobenzenesulfonamide/3-aminobenzenesulfonamide/4-aminobenzenesulfonamide (2) were refluxed in glacial acetic acid (10 ml) for 6 h. The reaction mixture was allowed to stand for 24 h at room temperature. The product was filtered and recrystallized from ethanol. , 57.13, H, 4.16; N, 13.33; S, 10.17. Found: C, 57.55; H, 4.44; N, 13.14; S, 9.90 . 7.07, 7.29 (1H, 2d, J = 8.29 Hz, indole C 6 -H), 7.14, 7.28 (1H, 2d, J = 8.29 Hz, indole C 7 -H), , 54.05, H, 3.63; N, 12.61; S, 9.62. Found: C, 54.06; H, 3.71; N, 12.46; S, 9.70. 4-[(5-Chloro-2-oxo-1,2-dihydro-3H-indol-3-ylidene)amino]-benzenesulfonamide (5g). 25 Yellow powder, yield 61%; m.p. m, indole C 4, 6, 7.11, 7.17 (2H, 2dd, J = 6.83, 1.95 Hz, phenyl C 3, 7.29, 7.40 (2H, 2s , SO 2 NH 2 ), 7.74, 7.91 (2H, 2dd, J = 6.83, 1.95 Hz, phenyl C 2, 11.03, 11.14 (1H, 2s, indole NH) . Anal. Calcd for C 14 H 10 ClN 3 O 3 S (335.76): C, 50.08, H, 3.00; N, 12.51; S, 9.55. Found: C, 49.96; H, 3.24; N, 12.48; S, (3H, 2s, 1-CH 3 ) , 6.30-7.62 (5H, m, indole C 4,6,7 -H, phenyl C 3,5 -H), 7.30, 7.41 (2H, 2s , SO 2 NH 2 ), 7.75, 7.92 (2H, 2dd, J = 8.78, 1.95 Hz, phenyl C 2, 6 -H). Anal. Calcd for C 15 H 12 ClN 3 O 3 S (349.79): C, 51.51, H, 3.46; N, 12.01; S, 9.17. Found: C, 49.05; H, 3.93; N, 11.56; S, 9.53 . , 45.70, H, 3.07; N, 10.66; S, 8.13. Found: C, 45.72; H, 3.24; N, 10.96; S, 8.17 . , 46.76, H, 2.62; N, 10.91; S, 8.32. Found: C, 46.66; H, 2.85; N, 10.78; S, 16.18; S, 9.26. Found: C, 48.56; H, 3.28; N, 16.27; S, 9.56 . , 3.36; N, 15.55; S, 8.90. Found: C, 50.48; H, 3.84; N, 15.53; S, 9 .03.
Enzyme inhibition assay
A stopped-flow instrument (SX.18MV-R Applied Photophysics model) was used for assaying the CA-catalyzed CO 2 hydration activity. 26 Inhibitor and enzyme were preincubated for 15 min for allowing the complete formation of the enzyme-inhibitor 
Molecular modelling studies
Preparation of ligand structures. The isatin structures 3, 4 and 5 were prepared in 3D with the MOE software package (v2013.08.02, Chemical Computing Group Inc., Montreal, Canada) and the ligands were energy minimized using a steepest-descent protocol (MMFF94x force field).
Preparation of hCA crystal structures for docking studies. The structures of hCA I (PDB: 3LXE, 1.90 Å), hCA II (PDB: 4E3D, 1.60 Å), hCA IX (PDB: 3IAI; 2.20 Å) and hCA XII (PDB: 1JD0; 1.50 Å) were obtained from the protein databank. The protein atoms and the active site zinc ions were retained and all other atoms were omitted. The remaining structure was protonated using the MOE software package and subsequently the obtained structure was energy-minimized (AMBER99 force field). Finally, the obtained protein models were superposed on the hCA I structure using the backbone Cα-atoms and all Zn 2+ -ions, zinc-binding histidines and the overall backbone atoms superposed well (RMSD value: 1.281 Å). Docking of the compounds into the hCA structures. The GOLD Suite software package (v5.2, CCDC, Cambridge, UK) and the ChemScore scoring function were used to dock the compounds into the hCA structures (50 dockings per ligand). The binding pocket was defined as all residues within 13 Å of a centroid (x: −17.071, y: 35.081, 43.681; corresponding approximately to the position of the thiadiazole ring of acetazolamide in the 1JD0 structure). Position restraints were applied to the sulfur and nitrogen atoms of the acetazolamide sulfonamide tail of hCA XII (default settings) and were also applied to the other three hCA structures due to the low RMSD value of the superpositions.
Conclusions
We report here a panel of 23 new sulfonamides incorporating Schiff base moieties. They were obtained by reactions of variously substituted isatins with 2-, 3-and 4-amino-benzenesulfonamides. These new derivatives were tested as inhibitors of four physiologically relevant CA isoforms, involved in crucial physiological and pathological processes: the house-keeping cytosolic hCA I and II, as well as the transmembrane, tumorassociated hCA IX and XII, validated drug targets for theranostics for the management of hypoxic tumors. The new sulfonamides were moderate-weak hCA I/II inhibitors and highly potent, low nanomolar hCA IX/XII inhibitors. By using docking studies we also explained the differential inhibition of the four CA isoforms and the structural reasons connected with the selective inhibition of the transmembrane over the cytosolic isoforms. As a sulfonamide CA IX/XII inhibitor recently entered Phase I clinical trials for the management of metastatic solid tumors, compounds of the type reported here may be useful for designing different derivatives with such properties.
